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We have performed detailed ac susceptibility measurements to investigate the vortex dynamics in a
Ca10(Pt3As8)[(Fe1xPtx)2As2]5 single crystal as a function of temperature, frequency, ac amplitude,
and dc field. The field dependence of the activation energy U is derived in the framework of
thermally activated flux creep theory, yielding a power law dependence of U  Ha with a  1.0
for H above 0.30 T, while below 0.3 T U is independent of the field. The activation energy reaches
104K at low fields, suggesting strong pinning in the material. The nonlinear function of the
activation energy vs. the current density is determined, which shows logarithmic dependence
UðJÞ / lnJ.VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868871]
Ever since the discovery of superconductivity in
LaFeAsO0.9F0.1,
1 intensive efforts have been focused on
searching for new series of superconductors in related
systems. Very recently, the successful synthesis of
Ca10(PtnAs8)[(Fe1xPtx)2As2]5 with n¼ 3 (10-3-8 phase) and
n¼ 4 (10-4-8 phase) has attracted a lot of interest.2–9 Mostly,
this system serves as a model of the impact on the supercon-
ducting properties by intermediary layers, which is yet an
open question. The critical temperature Tc up to 13K and
38K has been reported in 10-3-8 phase and 10-4-8 phase,
respectively. The new superconducting system shares similar
properties with other iron-based superconductors, such as
very high upper critical fields,10 high critical current,11 and
multiband nature.12 Besides the similarities, the Ca-Fe-Pt-As
system also exhibits many unique properties which resemble
those of the high Tc cuprates. For example, very high anisot-
ropy c  Habc2=Hcc2  10 has been observed close to Tc13 and
very large penetration depth (1000 nm), indicating small
superfluid density, have been observed in the 10-3-8 phase.
The Ca-Fe-Pt-As system has a layered Ca-(PtnAs8)-
Ca-(Fe2As2) stack, which is analogous to the structure in
Bi2Sr2Can1CunO2nþ4þx (BSCCO, n¼ 1-3) systems.14 In the
latter case, the high Tc is suggested to arise from the
enhanced CuO2 plane coupling through the intermediary
layers.15–18 Therefore, the Ca-Fe-Pt-As system is an excel-
lent candidate to provide clues to the understanding of high
Tc superconductivity that also determines parameters such as
high upper critical fields and complex vortex dynamics due
to thermal fluctuations.
Besides the critical temperature, another important pa-
rameter for high Tc superconductors is the critical current
density Jc, i.e., the ability of carrying current without dissipa-
tion due to vortex motion. Normally, it is difficult to measure
Jc directly in a bulk sample, especially at very low tempera-
tures. Note that Jc of iron-based superconductors reaches val-
ues as high as 107 A=cm2.19 However, Jc is determined by the
pinning properties of the sample. Dissipation occurs only
above the activation energy U when the vortices overcome
the attractive force exerted by the pinning centers. Therefore,
the study of the activation energy in the Ca-Fe-Pt-As system
and its comparison to other iron-based superconductors as
well as high Tc cuprates is important for the understanding of
vortex dynamics in high Tc superconductors.
Among various ways to study the activation energy, the ac
susceptibility has the advantages of high sensitivity, fast reac-
tion to vortex dynamics, and convenience of handling.20–24 In
this paper, we have used the ac susceptibility measurements to
study the vortex dynamics in a Ca10(Pt3As8)[(Fe1xPtx)2As2]5
single crystal at different ac fields, frequencies, and dc fields.
The activation energy as a function of temperature, magnetic
field, and current density has been determined.
The studied single crystal Ca10(Pt3As8)[(Fe1xPtx)2As2]5
was prepared using a high-pressure technique as reported in
Ref. 25. Inset of Fig. 1(a) displays an optical image of a single
crystal. The mirror-like surface of the crystal was characterized
by x-ray diffraction (XRD) in a Rigaku Ultima-IV diffractome-
ter using CuKa radiation. The result is shown in Fig. 1(a). An
obvious orientation toward [00n] is observed, indicating that
the c-axis is perpendicular to the single crystal plane. Single
crystals were also grounded and studied by a powder XRD
method, and the results yield the tetragonal SrZnSb2-type struc-
ture (P4/n) as reported elsewhere.3 The sample, with a size of
0:8 1:3 0:5 mm3, is characterized by Tc ¼ 9:7K,
DTc ¼ 1:0K (10%–90% criterion). The ac susceptibility meas-
urements were performed using a Quantum-Design Physical
Property Measurement System (PPMS) with the external dc
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field up to 6T, an ac field with the amplitude and frequency in
the range of hac ¼ 0:5–12Oe and 133–9777Hz, respectively.
Both dc and ac fields are perpendicular to the sample surface
(ab-plane) in all the measurements.
The ac susceptibility has been used to study the vortex
dynamics in other iron-based superconductors, e.g., 1111-
family22 and 122-family.24,26 It is known that the in-phase ac
susceptibility exhibits a sharp decrease at Tc while at lower
temperatures the out-of-phase shows a dissipation peak at Tp
due to the melting of the vortex lattice. Therefore, at low ac
amplitude and frequency, Tp can be used as a rough estima-
tion of Tirr.
Fig. 1(b) shows the temperature dependence of ac sus-
ceptibility under various dc fields. As dc field increases, the
transition temperature shifts to lower temperatures while the
transition width remains almost constant. The relatively
small dTc and its almost H-independent behavior suggest the
high quality of our sample. To study the activation energy U,
the thermally activated flux creep model is used27
U Tp;Hdc; Jð Þ ¼ U Tpð ÞU Hdc; Jð Þ ¼ Tpln 1
ft0
; (1)
where UðTpÞ accounts for the temperature dependence of U,
t0 ¼ pTpd2=ð2Hcv0j@Uj) is the time scale, 2d is the thickness
of the slab sample, v ¼ v0eU=T is the velocity of the flux
diffusion.
Numerical simulations have shown that, during the pen-
etration of the ac field into a superconductor, the static criti-
cal state model (Bean model) can be used.28 The magnetic
field profile inside the sample can be regarded as a straight
line. At the peak temperature Tp, where the flux front reaches
the center of the sample, the current density can be estimated
using
J ¼ hac=d: (2)
It is clear from Eq. (1) that, at a constant hac (constant
current density) and Hdc, a plot of ln f versus UðTpÞ=Tp
should give a straight line with the slope of UðJ;HdcÞ. By
varying Hdc while keeping hac constant, one can get the field
dependence of the activation energy and vice versa.
Fig. 2(a) presents some typical curves of the temperature
dependence of ac susceptibility under various frequencies at
Hdc ¼ 6 T and hac ¼ 0:5 Oe. As the frequency decreases, the
peak transition shifts to lower temperatures. This is reasonable
considering that the vortices have more time for relaxation at
lower frequency, resulting in full penetration at lower tempera-
tures. Similar behavior has also been observed in other super-
conducting systems which are explained in terms of flux
creep.27,29 The effect of ac amplitude on the flux dynamics at
each frequency is also measured. Fig. 2(b) presents some typi-
cal curves of the temperature dependence of ac susceptibility
in the ac field range of 0:5–12Oe with Hdc ¼ 6T and
f¼ 9777Hz. With increasing hac, the low temperature part of
v0 shifts downward corresponding to an increase in the screen-
ing current. At the same time, the v00 peak becomes broader,
shifts to lower temperature, and its height increases. All these
features support a scenario of nonlinear response of the sample
which is well predicted by the critical state model.30
FIG. 1. (a) XRD pattern of the meas-
ured single crystal. The inset shows an
optical microscope image of a
Ca10(Pt3As8)[(Fe1xPtx)2As2]5 crystal.
(b) Temperature dependence of out-
of-phase and in-phase of the ac suscep-
tibility under various magnetic fields
for hac ¼ 1 Oe at f¼ 3333Hz.
FIG. 2. (a) Temperature dependence of
out-of-phase and in-phase of the ac sus-
ceptibility at Hdc ¼ 6 T, hac ¼ 0:5 Oe
and f varying from 333Hz to 9777Hz.
(b) Temperature dependence of out-of-
phase and in-phase of the ac suscepti-
bility at Hdc ¼ 6 T, f¼ 9777Hz, and
hac varying from 0.5Oe to 12Oe.
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In our measurements, the maximum variation of the Tp
as a function of frequency is around 1K. Therefore, the acti-
vation energy cannot be regarded as an isothermal parame-
ter, the explicit temperature dependence must be taken into
account.26 According to Ref. 31, U(T) has the following
form:
UðTÞ½1ðT=TcÞrn; (3)
where r and n are fitting parameters to make the UðTpÞ=Tp
vs. ln f a straight line at each field. Here, by adjusting r¼ 2
and n¼ 2, we have found that the Arrhenius law can be
established. Such index values have also been used to
account for the U(T) in HgBa2Ca2Cu3Ox (Ref. 32) and MgB2
(Ref. 20) materials.
Fig. 3(a) shows the semi-log plot of f vs. UðTpÞ=Tp at
various dc fields for Hkc. For clarity, only the data measured
at H ¼ 0:05, 0.5, 2, 4, and 6 T are shown. The straight lines
are linear fitting to the data as discussed above. As men-
tioned above, the irreversibility line (IL) can be estimated
from Tp vs. H at extremely low frequency (corresponding to
low voltage criterion). Here, by extrapolating the linear fit in
Fig. 3(a) to ln f¼ 0 (f¼ 1Hz), the IL can be inferred. The IL
together with the upper critical fields derived from the onset
diamagnetic signal in v0 are shown in the inset of Fig. 3(a).
The dashed line is the fitting using the empirical formula:
HirrðTÞ ¼ H0ð1 Tirr=TcÞb with H0 ¼ 22:46 T and
b ¼ 2:16. b ¼ 2 is the expected value for the lattice melting
phase boundary close to Tc,
33 which is consistent with the
values found for the 1111-family (b ¼ 1:5),22,23 122-family
(b ¼ 1:52) iron-based superconductors,34 and TlSr2Ca2Cu3Oy
(b ¼ 1:5).35 In these systems, b ¼ 1:5 suggests vortex
liquid-glass transition due to the presence of disorder.36 It
has been reported that the Ginzburg number Gi ¼ 0:16 for
the 10-3-8 phase,6 which is bigger than those of the cuprates
YBa2Cu3O7 (Gi ¼ 0:01) and BSCCO (Gi ¼ 0:1). Therefore,
large thermal fluctuations in the material are expected.
However, our measurements show that the IL is very close to
the Hc2 line. We find the ratio HirrðTÞ=Hc2ðTÞ  0:65 for
T < 6K in the 10-3-8 phase. This ratio is higher than those
found in the cuprates, and it is comparable to those of low-Tc
superconductors such as Nb-Ti and NbSn3 (where
HirrðTÞ=Hc2ðTÞ 0.85 (Ref. 37)). This last comparison indi-
cates something surprising, since the 10-3-8 phase has a
much higher Gi number as compared to the low-Tc supercon-
ductors. In this case, one should expect large thermal
fluctuations, yet the irreversibility line lies very close to the
Hc2ðTÞ line like in low-Tc superconductors.
The field dependence of the activation energy U(H), rep-
resenting the effective pinning barrier, is shown in Fig. 3(b).
The pinning potential value reaches 104K at low fields,
comparable with the reported values of most iron-based
superconductors, like SmFeAsO0.8F0.2 (5 104 K),22
Ba0.72K0.28Fe2As2 (104K),38 K0.8Fe2Se2 (6 105 K),26
and FeTe0.5Se0.5 (4:6  103 K).39 This implies strong pin-
ning in the material which is promising for their potential
applications. Moreover, the field dependence of U(H) dis-
plays two regimes well separated by a crossover field Hcr ¼
0:30 T. Below Hcr, U(H) is independent of the magnetic
field, while above Hcr, U(H) follows the dependence of
H1:0. Such a crossover has also been observed in other
superconducting systems where the weak field dependence
of the activation energy at low fields is attributed to single
vortex pinning.22,40 Similarly, an H1 dependence has
been previously derived using the Anderson-Kim model of
the activation energy combined with the Ginzburg-Landau
expressions for the coherence length, thermodynamic critical
field, and depairing critical current density.41,42 Note that
similar field dependence has also been observed in other
superconducting systems, such as iron-based superconduc-
tors,22,26 La1.86Sr0.14CuO4 (Ref. 31) and MgB2.
20
It follows from Eq. (2) that the current density at Tp is
proportional to the applied ac amplitude hac. To study the
relationship between current density and the activation
energy, ac susceptibility measurements have been per-
formed under various frequencies and ac fields as indicated
in Fig. 4. Fig. 4(a) displays the UðTpÞ=Tp as a function of
frequency in a semi-log plot at Hdc ¼ 0:1 T and various ac
fields. Similar plot has also been made at high field regime
(H¼ 6 T), as shown in Fig. 4(c). The experimental data can
be fitted very well by straight lines. The activation energy
at each current density can be then derived from the slopes
of the straight lines, which is shown in Figs. 4(b) and 4(d).
It is clear that U(J) follows a logarithmic dependence-lnJ
with current density. Such behavior has been observed
before in different height-Tc superconductors.
43–46 It has
been proposed that the physical mechanism yielding such
dependence arises due to an enhanced hopping rate of vor-
tex bundles, which may become orders of magnitude larger
than the random thermal equilibrium motion leading to a
collective creep of vortices.44,47 This is a dissipation mech-
anism occurring as a transition between a classical creep at
FIG. 3. (a) Frequency dependence of
UðTÞ=Tp measured at various magnetic
fields as indicated in the panel. The
inset presents the vortex phase dia-
gram. The dashed line is a fitting using
the empirical formula HirrðTÞ ¼ 22:46
ð1 Tirr=TcÞ2:16. The straight lines
are linear fittings to the data. (b) The
activation energy as a function of field
in log-log scale. The solid line above
H > 0:3 T is fit to the data using the
relation U ¼ Ha with a ¼ 1:0.
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even lower J (which leads to a U  Jl) and flux flow dis-
sipation at high J.
In summary, detailed ac susceptibility measurements
have been performed to study the flux dynamics in a
Ca10(Pt3As8)[(Fe1xPtx)2As2]5 single crystal. With the
temperature dependence of the activation energy UðTÞ
¼ ½1 ðT=TcÞ22, the pinning barrier energy as a function of
magnetic field and current density is determined. The activa-
tion energy reaches 104K at low fields and is field independ-
ent up to Hcr¼ 0.3 T, indicating very strong pinning. Above
Hcr, the activation energy decays with the magnetic field as
U  H1 which is typical for collective pinning. The
observed nonlinear current dependence at low current den-
sities arises from the collective creep of vortices, as have
been previously observed in high-Tc superconductors. The
strong pinning observed here and in other FeAs-based super-
conductors (103–105 K), compared with cuprates crystals
(LSCO  103 K;48 YBCO  103 K;49 Bi2212  103 (Ref.
50)), suggests that it might be an intrinsic property of the
iron-based superconductors, probably arises from the unique
layered structure and small coherence length of the materials
combined with their small anisotropy.
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